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Introduction
Nanotechnology is generally regarded as a rapidly growing field involving biotechnology and nanomaterials with diverse applications at the nanometer scale (Chen and Schluesener 2008) . Nanomaterials are designed to exhibit unique properties with advantages in fields such as biomedical, optical, electronic engineering and manufacturing. Materials at the nanoscale levels exhibit increased structural integrity as well as unique properties, which make them desirable for commercial or medical applications (Bouwmeester et al. 2009; Tolaymat et al. 2010; Rai, Yadav, and Gade 2009 ).
The unique property of nanoparticles is due to their relatively large surface area and high fraction of surface atoms resulting in increased in vivo activity (Lara et al. 2011; Xu et al. 2015; AshaRani et al. 2009 ). Silver nanoparticles (AgNPs) are by far the most frequently used nanomaterial in consumer products and medicine due to their potent antimicrobial properties. In vitro studies have found low toxic potential of AgNPs towards mammalian cells (Bouwmeester et al. 2009; Tolaymat et al. 2010; Rai, Yadav, and Gade 2009; Ahamed, Alsalhi, and Siddiqui 2010; Chen and Schluesener 2008) . However, despite their widespread usage, there are many concerns regarding the effects of long-term exposure to AgNPs (Christensen et al. 2010; Sharma 2009 ). Although the applications and benefits of these engineered nanomaterials have been studied extensively (Hoet, Bruske-Hohlfeld, and Salata 2004; Thomas and Sayre 2005) , numerous studies have demonstrated that these metallic nanoparticles may have potentially adverse impacts on the environment and health safety (Maynard 2014; Ahamed, Alsalhi, and Siddiqui 2010; Rahman et al. 2009; Sharma 2009; Verano-Braga et al. 2014) . The impact of these metallic nanoparticles on human health needs attention by the research community and various techniques, including quantitative proteomics and advanced microscopy, have been applied to assess their impact .
The blood-brain barrier (BBB) separates the blood from the brain interstitial fluid and is created and maintained primarily by capillary endothelial cells which line the inner walls of microvessels in the central nervous system. These capillary endothelial cells, surrounded by astrocyte cell projections called astrocytic feet providing biochemical support, are tightly connected by tight junctions that protect the brain by exhibiting barrier-like characteristics, thus tightly regulating the flow of molecules across the sheets of endothelial cells (Thomsen, Burkhart, and Moos 2015) . It has been reported that frequent exposure to AgNPs from products and from the environment leads to an accumulation of AgNPs in the body and subsequently in the brain after crossing the BBB (Tang et al. 2009 (Tang et al. , 2010 . On the other hand, a few studies have raised doubt about the potential of AgNPs to cross the BBB and concluded that AgNPs-induced neurotoxicological effects may occur via secondary molecules e.g. silver ions, released from the AgNPs present in the periphery (Hadrup and Lam 2014; Mirsattari et al. 2004) . In vitro studies on various mammalian cells report that AgNPs induce major cytotoxic actions leading to increased cellular apoptosis and cell death Verano-Braga et al. 2014; Miranda et al. 2018) . Other cellular responses, including changes in minor metabolic pathways and protein post-translational modifications, remain largely uninvestigated and may reveal novel actions of nanoparticle toxicity. With respect to AgNPsinduced neurotoxicity, morphological and histochemical investigations on rat brains have shown that AgNPs injected into the systemic blood supply can lead to enhanced cellular dysfunction, changes in astrocyte morphology, increased neuronal inflammation and degeneration with or without increased BBB permeability (Sharma et al. 2009b (Sharma et al. , 2009a Dan et al. 2018 ). However, a comprehensive understanding of how AgNPs induce BBB failure and toxicity at the cellular and molecular levels remains largely unexplored. In this context, it is important to know any consequences of human exposure to AgNPs, and the nature of any molecular mechanisms that might be activated in the presence of these nanoparticles. The present study aims at analyzing the effects of AgNPs exposure on an in vitro model of the BBB. This model is comprised of human brain cerebral microvascular endothelial cells (hCMEC/D3) and human astrocytes (HA) growing as static model. We exposed the in vitro BBB to well characterized AgNPs (50 nm) and the cellular responses of the in vitro BBB were evaluated using quantitative proteomics and transmission electron microscopy (TEM) in a time-course experiment.
Materials and methods

Reagents
Trypsin was obtained from Promega (Fitchburg, MI). The TMT 10-plex reagents were purchased from ThermoFisher Scientific (USA). Ammonia solution (25%) was bought from Merck (Darmstadt, Germany). Tris buffer was obtained from Plus One, GE Healthcare (Denmark). DL-dithiothreitol (DTT), urea, iodoacetamide (IAA), and triethylammonium bicarbonate buffer (TEAB) were obtained from Sigma (Germany). AgNPs, polyvinyl pyrolidone (PVP)-stabilized 50 nm nominal diameter, NanoXactTM (aqueous suspension, 0.02 mg/mL) were purchased from Nanocomposix (USA). The plastic disposable cuvettes were obtained from VWR (Denmark). Formvar/carbon-coated copper grids, 300 mesh, were supplied by Electron Microscopy Sciences (USA). Immortalized human brain capillary endothelial cell line (hCMEC/ D3) was purchased from Millipore (USA). Primary astrocytes were purchased from ScienCell (USA). EndoGRO-MV Complete Media kit supplemented with fibroblast growth factor was obtained from Millipore (USA, Cat no: SCME004 and GF003AF-MG). Astrocyte Medium was purchased from Gibco (Thermofisher Scientific, USA). Rabbit polyclonal antibody against Claudin-5 -# ab15106 was bought from Abcam, UK; Mouse monoclonal antibody against ZO-1-# 33-9100 was purchased from Thermofisher Scientific, USA; Goat anti mouse conjugated to Alexa FluorV R 568-# A11004 was purchased from Lifetechnologies, USA; Goat anti rabbit conjugated to Alexa FluorV R 488-# Abcam150077 was purchased from Abcam, UK;. Transwell inserts for the in vitro BBB formation were purchased from Corning lifesciences (USA).
Protein corona formation
Nanoparticles (NP) were incubated in human plasma for 2 h at 4 C and the resulting NP-protein complexes were washed 3 times in PBS by centrifugation (10 000 rcf, 10 min) in order to remove excess plasma from the sample. After washing, nanoparticles were resuspended in EndoGRO TM Media at the stock concentration (0.02 mg/mL) and stored at 4 C until use.
Dynamic light scattering (DLS)
Suspensions of nanoparticles (both bare and precoated with protein corona) at 0.02 mg/mL in Milli Q water were sonicated for 5 min and then transferred into the plastic disposable cuvettes. The DLS measurements were performed using DelsaMax Pro core (Beckman Coulter, USA). To investigate the stability and zeta potential of AgNPs in the exposure culture media, AgNPs were incubated in the exposure culture media used for the hCMEC/D3 for 24 h and 48 h time points. The measurements were done by using_DelsaMax Pro (Beckman Coulter, USA) and performed in triplicate using 1 mL of each suspension at room temperature.
Viability assay (MTS)
Cell viability was determined using MTS [3-(4, 5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium, inner salt] assay with a CellTiter 96 Aqueous One Solution Cell Proliferation Assay kit (Promega, Madison, WI) according to the manufacturer's instructions. (Yan et al. 2018 ) After exposure to AgNPs (24 h and 48 h), cells were washed three times in PBS and the MTS reagent was added in HBSS buffer (20 ll and 100 ml, respectively) to wells. Cells were then incubated for 30 min at 37 C. The absorbance reading was done at 490 nm using a FLUOstar Omega plate reader (Germany).
2.5. Quantification of Ag þ and AgNPs in the exposure culture media by ICP-MS Quantification of Ag þ and AgNPs was done by inductively coupled plasma mass spectrometry-ICP-MS (Bruker820-MS þ SPS 3 autosampler). AgNPs (10 lg/ml) were incubated in the exposure culture media for 24 and 48 h prior to analysis. After the incubation the samples were centrifuged at 10 000 g for 10 min and supernatants were analyzed to assess the dissolved AgNPs compared to the total amount. 200 ll HNO 3 and 100 ll H 2 O 2 (both ICP-MS grade) were added to the samples. ICP-MS grad HCl was added to the samples to remove excess H 2 O 2 and samples were left to react overnight prior to ICP-MS.
Cell cultures
hCMEC/D3 cells were grown in EndoGRO-MV Complete media kit supplemented with FGF-2 (Fibroblast growth factor-2) at 1 ng/mL concentration. Human primary astrocytes were cultured in Gibco astrocyte medium supplemented with N2 supplement and fetal bovine serum (FBS) (10% v/v). Cells were grown at T-75 culture flasks precoated for 1 h at 37 C with rat tail collagen type I (219 lg/ ml) and poly-L-lysine (15 lg/ml) for hCMEC/D3 and astrocytes, respectively. Both cell lines were cultured at 37 C, 5% CO 2 and passaged according to the suppliers' protocols. hCMEC/D3 cells were used in experiments at passage numbers from 25 to 32, while astrocytes were used at passage numbers from 2 to 5, as recommended by the suppliers. Four biological replicates per condition and two time points were used to study the time-dependent consequences of AgNPs exposure to the cells. For every time point studied, controls were included with no exposure to AgNPs.
Establishment of the in vitro BBB model
An in vitro BBB model based on contact co-cultures was established as previously reported with slight modifications in the cell seeding numbers (Daniels et al. 2013) . Briefly, astrocytes were seeded at a density of 6.0 Â 10 3 cells/cm 2 on the basal side of Transwell membrane filters which had been precoated with poly L-lysine (15 lg/ml) on the basal side. The astrocytes were allowed to attach for 24 h. Then, hCMEM/D3 cells were seeded to the apical side of the filters, which had been precoated with collagen type 1 (219 lg/ml) on that side. The cell seeding density for hCMEM/D3 cells was 10 4 cells/ cm 2 . In order to allow for formation of tight junctions, the co-cultures were maintained for 8 days at 37 C, 5% CO 2 . Depending on the experiment, different tissue culture formats with the polycarbonate-based Transwell inserts were used.
Immunofluorescence
Blood brain barrier detection was done using immunofluorescence staining protein ZO-1 and claudin-5. The co-culture were grown in 12-well tissue culture Transwell inserts from Corning (polycarbonate (PC) coated with rat-tail collagen type I (apical side) and poly-L-lysine (basal side). Staining was done with or without AgNPs treatment. Cells were washed in ice cold PBS and fixed with 4% formaldehyde for 15 min. This was followed by three PBS washes. Fixed cells were blocked with 3% goat serum in PBS (blocking buffer) at room temperature (RT) for 45 min and incubated overnight at 4 C with mouse monoclonal primary antibody prepared in blocking buffer (1:100). The following day, cells were again washed with PBS and incubated for 1 h at RT with Alexa FluorV R 568 conjugated goat antimouse secondary antibody (1:1000). Thereafter, cells were rinsed, dried and mounted with DAPI in prolonged gold anti-fade mounting media (Invitrogen). Mounted slides were visualized with nikon-andor spinning disk confocal microscope after overnight drying. Cell stained with only secondary antibodies served as negative control.
Transepithelial/transendothelial electrical resistance measurements
For transepithelial/transendothelial electrical resistance (TEER) measurements, co-cultures were grown in 6-well tissue culture Transwell inserts from Corning (polycarbonate (PC) coated with rat-tail collagen type I (apical side) and poly-Llysine (basal side). Measurements were done manually every 2-3 days and after AgNPs incubation for 24 h and 48 h, using an epithelial voltohmmeter (EVOM) coupled to an Endohm-6 measurement chamber (World Precision Instruments, USA). The equipment was calibrated prior to use. All measurements were done in a sterile environment. For each experiment, at least 2 replicates were measured. The electrodes were rinsed with culture medium and inserted into both Transwell chambers. Results were corrected against Transwell inserts without cells, and the resistance was multiplied by the effective surface area of the filter membrane (Srinivasan et al. 2015) .
The cell-specific resistance (R TISSUE ), in units of X, can be obtained as: R TISSUE (X) ¼ R TOTAL À R BLANK. The final TEER measurement is reported as in the following:
Results are expressed as means ± S.E.M.
Intracellular trafficking of AgNPs visualized with transmission electron microscopy (TEM)
After AgNPs treatment for 24 h and 48 h, the endothelial cells and astrocytes were visualized with TEM (Hejbol et al. 2017 ). The TEM experiments were done directly on the cells growing on both sides of the membrane. On the eighth and ninth day from the time of AgNPs exposure, 2% glutaraldehyde in 0.04 M phosphate buffer, pH 7.4 was used to fix the cells for 60 min at 20 C. The cells were washed in 0.1 M phosphate buffer for 10 min and the membrane was then removed from the insert and cut into small pieces by scalpel.
The membrane pieces were post-fixed with 1% osmium tetroxide in 0.1 M phosphate buffer for 60 min at 4 C, dehydrated through a graded series of alcohol and acetone at 4-20 C, and embedded in Epon for 90 min at 20 C. Ultra-thin sections were cut from the Epon block on a Leica Ultracut UCT ultramicrotome (USA), examined and photographed using JEM 1400 Plus microscope (JEOL, Germany) coupled to Quemesa digital camera (Olympus, UK). Images were acquired and processed using iTEM (Olympus, UK) and Fiji (NIH, USA) software.
BBB exposure to nanoparticles
AgNPs (10 mg/ml) were introduced into the apical chamber of the dish containing the BBB 8 days after initiation of the cell cultures. Co-cultures were then incubated with nanoparticles for 24 h and 48 h using appropriate controls (without nanoparticles) to study the effect of AgNPs exposure on the BBB. At the end of exposure, the medium was removed from both the sides of the membrane and cells were washed three times with cold PBS. Next, 1 mL of ice-cold PBS supplemented with phosphatase and protease inhibitors (ProtoSTOP and PhosSTOP, Roche, Switzerland) was added and both cell types were harvested using cell scrapers. Cell suspensions were transferred to 1.5 mL eppendorf tubes, centrifuged for 5 min at 600 g and the supernatant was discarded. Ice-cold PBS supplemented with phosphatase and protease inhibitors was added again to the cell pellets; cells were centrifuged for 5 min at 600 g and the pellets were frozen at À80 C until further analysis.
Protein extraction and digestion
Protein extraction and digestion has been described previously (Jensen et al. 2017) . Cell pellets were lysed and reduced in 6 M Urea, 2 M Thiourea, 10 mM TCEP, 20 mM triethylammonium bicarbonate (TEAB) (pH 8) supplemented with ProtoSTOP and PhosSTOP for 2 h at room temperature. The samples were diluted 10 times with 20 mM TEAB followed by sonication on ice to assist lysis. Protein concentrations were measured by amino acid analysis (AAA) as described previously (Laursen et al. 2008) . 200 mg of proteins were alkylated in 20 mM iodoacetamide (IAA) for 40 min in the dark. Proteins were digested with trypsin (50:1 (w/w) protein: trypsin overnight at 25 C with constant shaking. The reaction was quenched by adding formic acid to 5% concentration followed by centrifuge at 14 000 g for 15 min to separate peptides from debris. The pellet was discarded and the peptides were lyophilized in a speed-vac and quantified again by amino acid analyzer.
2.13. TMT 10-plex labeling, desalting and purification of samples A total of 100 mg of tryptic peptides per sample were used for the TMT 10-plex labeling. The labeling was performed according to manufacturer's instructions. Labeled peptides of each experimental condition were mixed in equal quantities and dried down prior to desalting and purification. The purification and desalting of the digested peptides were done using the OASIS HLB column (Waters, USA) and the eluted peptides were lyophilized and subsequently resuspended in 0.1% formic acid.
High pH fractionation and reversed-phase nanoLC-ESI-MS/MS
The proteome samples were fractionated by high pH reverse-phase LC. An UltiMate 3000 LC system (Thermo Scientific, Germering, Germany) equipped with an Acquity CSH C18 column (300 mm Â 100 mm, 1.7 mm) was employed for the fractionation. Peptides were eluted with a stepped gradient from 4% to 48% B with 2% steps height and 3 min step length, followed by 80% B step (phase A: 20 mM ammonium formate, adjusted to pH 9.6 by NH 4 OH; phase B: 80% acetonitrile 20% 20 mM ammonium formate, adjusted to pH 9.6 by NH 4 OH), and pooled into 8 fractions. High pH fractions were dried in a SpeedVac after adding 1 mL of dimethylsulfoxide and re-dissolved in 0.1% FA in water. Fractions were analyzed by LC-MS using a Q-Exactive HF mass spectrometer (Thermo Scientific, Bremen, Germany) coupled with UltiMate 3000 nanoflow LC system (Thermo Scientific, Germering, Germany). Samples were preconcentrated for 10 min on the trap column (m-Precolumn C18 PepMap100, 5 mm, 300 mm i.d. Â 5 mm, 100 Å, Thermo Scientific) at 2% B. Then peptides were eluted from the analytical column (EASY-Spray PepMap RSLC C18, 2 mm, 75 mm i.d. Â 500 mm, 100 Å, Thermo Scientific) using the following gradient: 2-5% B in 5 min, 5-30% B in 93 min, 30-45% B in 14 min at a flow rate of 270 nL/min. The column was washed at 95% B for 10 min and equilibrated to the start concentration of mobile phase B. The analytical column and precolumn were heated to 50 C. Mobile phases were as follows: (A) 0.1% FA in water; (B) 95% ACN, 0.1% FA in water.
Mass spectrometry measurements were performed using data-dependent acquisition (DDA) mode (Top 12). Electrospray high voltage was set to 2.0 kV. Electrospray capillary temperature was 275 C. MS1 settings were as follows: mass range 300-1400 m/z, resolving power -120 000 at m/z 200, maximum injection time was set to 100 ms, the automatic gain control (AGC) target for MS1 was 3.0e6, the dynamic exclusion was set to 30 s. Precursor ions were isolated using a m/z window of 1.4 Th followed by their fragmentation using higher-energy collision dissociation (HCD) with normalized collision energy (NCE) of 34. Fragment ions were measured with resolving power of 60 000 at m/z 200. Maximum injection time during MS/MS was 110 ms with AGC target value of 1.0e5.
Proteomics data analysis of MS/MS
Raw data files were processed using Thermo Proteome Discoverer 2.1.1.21 (Thermo Fisher Scientific). Database search against SwissProt human database (version 2017.01) was performed by Mascot (version 2.6) search engine. Trypsin was used as digestion enzymes, allowing up to two missed cleavage sites. A precursor mass tolerance of 10 ppm and a product ion mass tolerance of 0.02 Da were used. Fixed modifications included carbamidomethylation of cysteines. Dynamic modifications contained methionine oxidation, N-terminal acetylation, TMT 6plex modification of N-termini and lysine. False discovery rates (FDR) were calculated using Percolator algorithm (q-value < 0.01) on PSM and peptide levels. Proteins were filtered to 0.01 FDR using a targetdecoy approach. Reporter ion intensities were log2transformed and normalized in each channel using the median. The R Rollup function from Inferno RDN package was used to build protein intensities from peptides. (Polpitiya et al. 2008 ) Protein regulations were determined using the Limma-Ranked Product approach (Schwammle, Leon, and Jensen 2013) . Only proteins with adjusted p-values 0.1 were considered deregulated.
The raw data and analysis results were deposited to the ProteomeXchange Consortium (http://proteomecentral.proteomexchange.org) via the PRIDE (Vizcaino et al. 2013 ) partner repository with the dataset identifier PXD009197 . The complete list of identified and deregulated proteins is provided as supplementary information.
Bioinformatics analysis of protein networks and affected pathways
To decipher the role of significantly regulated proteins, CluePedia and ClueGO, Cytoscape plug-ins, were used within the Cytoscape framework with default parameters to find the biological networks and interrelations of the functional groups as described previously (Bindea et al. 2009; Bindea, Galon, and Mlecnik 2013) .
Statistical analysis of MTS assay
MTS assay was carried out in triplicate and the results were analyzed using one way ANOVA (multiple comparisons) with prism 7 software. The data were presented as the mean value ± SD. To assess the level between exposure and respective controls, p values < 0.05 were considered statistically significant.
Results and discussion
Characterization of nanoparticles
Dynamic light scattering (DLS) experiments were done to measure the sizes of spherical PVP-stabilized AgNPs. The diameters of these AgNPs were 55.7 ± 2.3 nm (Figure 1(A) ). For protein corona formation, the PVP-coated AgNPs were mixed with 10% human plasma in 50 ml falcon tubes and incubated for 2 h on rotation at 4 C. DLS revealed an increase in the size of the nanoparticles, to 87.1 ± 2.6 nm (Figure 1(B) ). Time dependent analysis of AgNP stability in the exposure culture media at 24 h and 48 h showed that the size of the particles were still intact ranging from 82 to 87 nm respectively ( Figure  1(C,D) ). The nanoparticles were well-dispersed and no aggregation was observed upon addition to the cell culture media. According to the information provided by the manufacturer, the diameter (based on TEM) and the zeta potential of spherical PVP-stabilized AgNPs in Milli Q water was equal to 47 ± 4 nm (Figure 1(E) ) and À33 mV, respectively Zeta potential measurements were obtained to evaluate surface charges and stabilities of AgNPs. The surface charge values for the naked PVP coated AgNPs with no protein corona was (f ¼ À34 mV) and for the PVP coated AgNPs with protein corona formation incubated in the exposure culture media for 24 and 48 h time points were found to be (f ¼ À9 mV) and (f ¼ À14 mV) respectively. The slight reduction in the fpotential of the AgNPs in the exposure culture media is in accordance with published data suggesting that when the f-potential approaches zero there is a reduction in the interparticle repulsion as well as in the stability of the dispersion. (Jurasin et al. 2016 ). The ICP-MS results also showed that the ionic release of Ag þ from the AgNPs was less than 10% indicating that the AgNPs were relatively stable in the exposure culture media with time.
Immunocytochemical staining of junctional (TJ) proteins claudin-5 and zonula occludens-1 (ZO-1)
Expression of TJ proteins at intercellular junctions is best observed when the cells exhibit maximum confluency. Immunofluorescence analysis of BBB endothelial cell monolayer revealed an expression of claudin-5 and ZO-1 revealing tight junction integrity of the blood brain barrier. No difference was observed in the expression level of ZO-1 with or without AgNPs exposure (Figure 2) . No immunoreactivity was observed in the negative control (data not shown).
Evaluation of BBB permeability through TEER measurements
TEER is a simple method of testing the integrity of an in vitro BBB in a Transwell culture system. This established technique was used to assess whether AgNPs disrupt the cell barrier permeability. Addition of AgNPs to the apical (upper) compartment of the membrane insert (10 mg/ml) did not significantly reduce TEER; the TEER value was found to be 69.5 ± 5.2 Xcm 2 before and after the addition of the AgNPs. Similar values have also been reported by other groups for BBB models based on the same cell lines (Eigenmann et al. 2013; Forster et al. 2008 ).
Time dependent changes in cellular viability upon AgNPs exposure
To investigate the cytotoxic effect of AgNPs in hCMEC/D3 cells we measured the cell viability using the MTS assay 24 and 48 h after AgNPs exposure. 50 nm AgNPs (10 lg/mL) did not alter the cells viability in 24 h time period compared to the control. However we observed a significant decline of 20% in the cellular viability of the AgNP treated cells at 48 h time period (Figure 3) .
AgNP triggers changes in the in vitro BBB at the proteome level after 24 h of exposure
Dissolution of AgNP to Ag þ is a known phenomenon occurring in various solutions. In order to assess to what degree cells were exposed to AgNP and Ag þ , we performed ICP-MS of the solution used in the exposure experiments. The results showed that the majority of AgNPs were stable in the time course of the experiments with minimal release of Ag þ (Figure 4) . For a deeper understanding of the effect of AgNPs on the in vitro BBB, the proteomes of the human endothelial cells and astrocytes were studied with quantitative proteomics ( Figure 5 ).
After 24 h of exposure to AgNPs, mass spectrometry-based analyses of endothelial cells quantified a total of 5947 proteins in which 100 unique proteins were upregulated and 111 proteins were downregulated compared to the control groups. After 48 h exposure to AgNPs, a total 6125 proteins were quantified, in which 15 proteins were upregulated and 15 proteins were downregulated. Thus, we observed a change in expression levels of multiple proteins at 24 h, but by 48 h most of these proteins were expressed at control levels. In the case of the astrocyte proteome, we quantified 3034 and 2850 proteins after 24 h and 48 h AgNPs exposure, respectively. Interestingly, no differentially regulated proteins were found in the astrocyte proteome at either time point. This indicates either insignificant transcytosis between the cell types or greater tolerance of astrocytes to the AgNPs. 
Effects of AgNPs on the blood brain barrier endothelial cell proteome after 24 h of exposure
The major effects of AgNPs were observed in BBB endothelial cells at the 24 h exposure time point. Several protein pathways associated with neuroinflammation and degeneration were upregulated while anti-oxidative proteins were found to be downregulated ( Figure 6 ). Several metallothioneins (MTs) (MT2A, MT1E, MT1M) were found to be upregulated in response to AgNPs exposure (top panel). Upregulation of MTs in response to increased cellular concentrations of metal ions has been identified as a mechanism of controlling metal ion concentration. Brain cells are highly susceptible to metal toxicity from high metal concentrations, and MTs play a major role in protecting the brain by neutralizing the toxic effects of metals (Bobilya et al. 2008; Juarez-Rebollar et al. 2017) . It has been demonstrated that increased accumulation of AgNPs in cells leads to inflammation and oxidative stress resulting in activation of MT-mediated antioxidant defense mechanisms which attenuate the damage caused by the cellular presence of silver ions and AgNPs (Luther et al. 2012 ). Other pathways affected by AgNPs exposure were the cholesterol biosynthesis and lipid homeostasis pathways, which were both upregulated. Upregulation of these pathways has been Figure 5 . Proteomics work flow. BBB cells (endothelial cells and astrocytes) were treated with 50 nm AgNPs (10 lg/ml). Untreated cells were used as controls. Proteins were digested with trypsin and labeled with TMT 10-plex. The samples were combined in equal amounts and subjected to high pH fractionation. Each of the 8 fractions collected was subjected to nLC-MS/MS analysis. associated with Alzheimer's disease (AD) and other neurodegenerative diseases. It has been reported that cholesterol levels constantly increase during the clinical progression of Alzheimer's disease (Zhang and Liu 2015; Cutler et al. 2004 ). The upregulation of 7-dehydrocholesterol reductase (DHCR7), an important enzyme in cholesterol synthesis, leads to increased production of cholesterol and alterations in cholesterol metabolism, leading to various brain diseases (Zhang et al. 2018; Hughes et al. 2013; Witsch-Baumgartner, Loffler, and Utermann 2001) . Cellular exposure to AgNPs induces increased turnover of DHCR7, which in turn deregulates cholesterol metabolism (Goedeke and Fernandez-Hernando 2014) . This suggests that AgNPs exposure may result in activation of similar pathways to those active pathways reported under conditions of neurotoxicity and neurodegeneration. Other proteins affected by AgNPs exposure is that of ABC (ATP-binding cassette) transporters involved in lipid homeostasis. Human ABC transporters are found in different cell types including the endothelial cells of the BBB and brain parenchymal cells. They transport molecules across lipid membranes and mediate a critical role in cellular homeostasis (TER Beek, Guskov, and Slotboom 2014; Abuznait and Kaddoumi 2012) . In many recent studies, ABC transporters have been implicated in several CNS and non-CNS related diseases (Abuznait and Kaddoumi 2012; Pereira et al. 2018; Weiss et al. 2009 ). Alteration in the expression and functional activity of ABC transporters may contribute to the aggregation of amyloid b-peptide (Ab) in the brain and/or endothelial cells, leading to increased risk of developing AD by failure to protect the BBB (Nicolazzo and Mehta 2010; Abuznait et al. 2011; Rapposelli, Digiacomo, and Balsamo 2009) . In this context, we may add that AgNPs-induced toxicity alters the level of the ABC transporters in the BBB, which can in turn be a risk factor for neurodegenerative diseases.
ZNT1 and ZNT6, members of the Zn transporters protein family, were also found to be upregulated after AgNPs exposure. These proteins have also Figure 6 . Reactome and wikipathway analysis of endothelial cells exposed for 24 h to 50 nm AgNPs. Pathways and proteins shaded in red are upregulated and pathways shaded in green are downregulated respectively. ᭡ represents reactome reactions. ᭹ represents reactome pathways. ᭢ represents wikipathways.
been associated with many neurological diseases including AD (Olesen et al. 2016; Szewczyk 2013; Rafalo-Ulinska et al. 2016; Zhang et al. 2008 ). Furthermore, researchers working on a mouse model of AD have found that increased levels of ZNT1 and ZNT6 levels in the AD transgenic mouse brain are closely associated with plaque formation, a common symptom of AD (Zhang et al. 2010) . We may suspect that the upregulation of these proteins may be due to the increased accumulation of AgNPs in the cells. In this context, it can be speculated that ZNTs are required to control AgNPs influx and maintain cellular homeostasis.
Another interesting finding of this study was the inhibition of keratan sulfate degradation. Keratan sulfate (KS) is an extracellular polysaccharide classified as a member of the glycosaminoglycans. Keratan sulfate has been reported to induce toxicity during axonal regeneration, and its removal from the brain is seen as a protective mechanism for brain cells. The presence of keratan sulfate may enhance the inflammation process, leading to increase oxidative stress and toxicity (Cui et al. 2013; Silver and Miller 2004) .
We also observed that the anti-oxidative proteins glutathione peroxidase (Gpx1) and glutathione peroxidase (Gpx4), known for their protective roles against oxidative stress, were downregulated. Expression of Gpx1 and Gpx4 has been shown to be reduced in a mouse model of AD and Parkinson disease (PD) (Zhang et al. 2016; Porcellotti et al. 2015) . Studies have shown that reduced levels of Gpx1 and Gpx4 lead to neurotoxicity-mediated neurodegeneration (Zemolin et al. 2012; Yoo et al. 2010; Bellinger et al. 2011 ). It has also been shown that the generation of ROS leads to increased oxidative stress and that low levels of antioxidants can further exacerbate the situation (Veronesi et al. 2005) . Increased AgNPs accumulation may lead to increased toxicity in cells at the initial stage, resulting in a decline of the antioxidant defense mechanism.
Consistent with other published findings on AgNPs exposure at 24 h, we also found upregulation of other proteins, such as alpha-2-macroglobulin (a 2 M) and complement component C9 (C9), which are released upon BBB damage (Cucullo et al. 2003; Lindsberg et al. 1996; Kanoh and Ohtani 1997) . a 2 M, an acute-phase 720-kDa glycoprotein protein and a major component of the innate immune system, has been associated with cerebrospinal fluid (CSF) markers of neuronal injury in AD (Varma et al. 2017) . We suggest that increased AgNPs accumulation in the endothelial cells may trigger counterbalancing "BBB protective" cascades by initiating the release of a 2 M. Increased inflammation of the BBB has been observed in neurological diseases including AD and we observed the activation of pro-inflammatory factors including complement activation protein (C9), which would keep the BBB inflamed (Montagne, Zhao, and Zlokovic 2017; Rus et al. 2006; Gao et al. 2017; Takano, Elimam, and Cybulsky 2013) . It has been reported previously that C9 enters the brain upon BBB failure (Rus and Niculescu 2001) . These results may indicate that upon AgNPs exposure, the inflamed BBB becomes prone to C9 entry and C9 may play an important role in brain inflammation. Another interesting finding was the downregulation of proteins like ubiquilin 2 (UBQLN2) and espin 2 (EPN2) after 24 h of AgNPs exposure. These proteins are typically responsible for maintaining homeostasis in cells by binding and delivering misfolded proteins to the proteasome for degradation (Lee and Brown 2012; Rothenberg and Monteiro 2010) . Reduction in copy numbers of these proteins can lead to the increased accumulation of misfolded proteins inside the cells and increased depositions of misfolded proteins have been implicated in several neurodegenerative diseases (Hjerpe et al. 2016; Moore et al. 2005) . Overall, our findings point at an array of AgNP-induced toxicity effects that altogether can be responsible for or add to various cellular dysfunctions.
We observed that C9, a protein associated with the innate immune system was upregulated after 24 h exposure to AgNPs, whereas it was found to be absent after 48 h exposure. This suggests an increase in complement system mediated inflammation during the 24 h time period confirming the toxicological response after 24 h exposure to AgNPs.
On the basis of our findings at the 24 h time point, we analyzed various pathways for changes in response to AgNPs-induced neurotoxicity. Strikingly, many of the deregulated pathways share similarity to changes observed for neurodegenerative diseases such as AD and PD. However, more studies are needed to determine whether AgNPs exposure can be linked as a risk factor for the occurrence of neurodegenerative diseases such as AD and PD.
Effect of AgNPs on the blood brain barrier endothelial cell proteome after 48 h of exposure
To observe the late effects of AgNPs exposure, BBB cells were incubated with AgNPs for 48 h. Analysis of the endothelial cell proteome revealed alterations in pathways involved in cellular mechanisms of protection from AgNPs-induced toxicity. The late response of the endothelial cells was characterized by the production of various antioxidant proteins (Figure 7) . It is known that antioxidants proteins have beneficial effects on the BBB damage responses and play a major role in its recovery from damage (Du et al. 2016; Janyou et al. 2017; Jumnongprakhon et al. 2015; Lim et al. 2016; Mendes Arent et al. 2014; Benvenisti-Zarom and Regan 2007) . Antioxidant proteins like nuclear factor-like 2 protein (Nrf2) and heme oxygenase-1 (HMOX-1) have been defined as oxidative-sensor proteins. It has been reported that HMOX-1 is expressed at low levels in the brain under normal conditions, but is induced by oxidative stress via Nrf2-regulated transcriptional activation. Increased HMOX-1 expression helps in attenuating cell loss, blood-brain barrier breakdown, inflammation and neurological deficits in a mouse model of intracerebral hemorrhage. Nrf2 knockout in that same model prevented any benefit from increased HMOX-1 expression and worsened injury (Iniaghe et al. 2015; Chen-Roetling et al. 2017) .
Other anti-inflammatory proteins found to be in high abundance after 48 h AgNPs exposure were quinoneoxidoreductase-1(NQO1) and glutamate-cysteine ligase catalytic subunit (GCLM) (Figure 7) . The antioxidant proteins were significantly upregulated after 48 h AgNPs exposure compared to its expression at 24 h exposure. The anti-oxidant proteins NQO1 and GCLM are also reported to be involved in endogenous cellular stress responses and to protect cells from ROS-induced damage and cell death (Du et al. 2016; Lin et al. 2017; Zhang, Davies, and Forman 2015) . Thus, increased production of these proteins after AgNPs exposure may indicate the activation of various oxidative and inflammatory injury response Figure 7 . Reactome and wikipathway analysis of endothelial cells exposed for 48 h to 50 nm AgNPs. Pathways and proteins shaded in red are upregulated and pathways shaded in green are downregulated respectively. ᭡ symbol represents reactome reactions. ᭹ symbol represents reactome pathways. ᭢ symbol represents wikipathways.
cascades in response to AgNPs., NQO1 expression was elevated after 48 h AgNPs exposure. This suggests that at the earlier 24 h time point, the cellular recover machinery was still in an early stage of activation. Surprisingly, of these anti-stress proteins, we saw upregulation of only one, HMOX-1, at the initial stage of the AgNPs exposure (24 h). This may be due to the fact that the tightly regulated anti-oxidative mechanisms can be compromised due to the sudden AgNPs exposure. We also observed upregulation of pathways responsible for inflammation which indicates that the cellular response machinery acts in a time-dependent manner.
Insignificant effect of AgNPs on astrocytes
Since astrocytes play a major role in the functioning of the BBB, we were interested in studying the astrocyte proteome after exposure to AgNPs for different time periods (Kumosa, Zetterberg, and Schouenborg 2018; Banks, Kovac, and Morofuji 2018; Moura, Almeida, and Sarmento 2017) . It has been reported that astrocytes have a prominent function in metal metabolism in the brain (Dringen et al. 2007 ). Astrocytes accumulate different metals and protect the brain from metal-derived toxicity (Hoepken et al. 2004; Tiffany-Castiglion and Qian 2001) . The ability of astrocytes to store toxic metals is due to the upregulation of proteins involved in metal storage and proteins that protect the astrocytes from metal-induced toxicity (Hoepken et al. 2004; Geppert et al. 2012) . The absence of observable changes to the astrocyte proteome after AgNPs exposure might be due to reduced levels of AgNPs entering the astrocytes from the endothelial cells. It is possible that the endothelial cells were able to accumulate and/or export most of the AgNPs within themselves (Figure 8(A,B) ).
Intracellular trafficking of the AgNPs in the BBB
Accumulation and transport of the AgNPs through the BBB was studied by transmission electron microscopy (TEM). This technique allows the study of possible transcytosis of AgNPs from the endothelial cells to the astrocytes. TEM data showed that at 24 and 48 h time point, AgNPs had accumulated in endothelial cells, as they were identified inside vacuoles dispersed in the cytoplasm (Figure 8(A,E) ).
The astrocyte TEM data also revealed that AgNPs added to the apical surfaces of endothelial cells migrated into and accumulated inside the astrocytes, but there were smaller numbers of AgNPscontaining vacuoles in astrocytes than in Figure 9 . Schematic representation of AgNPs entry into the brain. AgNPs pass through the BBB from the blood and enter the brain, affecting the BBB proteome. Figure displays various cellular pathways upregulated and downregulated in endothelial cells in response to AgNPs exposure. endothelial cells. It may be noted that only small numbers of AgNPs were able to enter the astrocytes through the endothelial cells. (Figure 8(B,F) ). No signals of AgNP were observed in the negative controls (Figure 8(C,D,G,F) ). These findings may explain why changes in the endothelial cell proteome were seen after AgNPs addition, but not in the astrocyte proteome.
Conclusion
We have highlighted various pathways of AgNPsinduced neurotoxicity in this in vitro BBB cell model. Deep proteomics analysis was combined with complementary analytical techniques to study the effects of exposure of our BBB model to 50 nm silver nanoparticles. The results indicate that cellular responses to AgNPs exposure are time-dependent . At the initial stage of the AgNPs exposure, we observed activation of several pro-oxidative pathways followed by downregulation of anti-inflammatory and anti-oxidative pathways. At the later stage of AgNPs exposure, we saw upregulation of proteins responsible for protective effects during BBB damage. This study shows for the first time that there may be a novel cellular mechanism by which the BBB reverts back to the steady state from the inflamed state after initial damage. This study adds valuable knowledge about cellular behavior of the BBB upon exposure to AgNPs in a time-dependent manner. Additional studies using mouse models are required to obtain detailed information about the effect of AgNPs on blood brain barrier in vivo.
